Abstract. Peroxy acetyl nitrate (PAN) is the most important reservoir species for nitrogen oxides (NO x American). The multi-model mean generally captures the observed monthly mean PAN but individual 50 models simulate a factor of ~4-8 range in monthly abundances. We quantify PAN source-receptor 51 relationships at the measurement sites with sensitivity simulations that decrease regional anthropogenic 52 emissions of PAN (and ozone) precursors by 20% from North America (NA), Europe (EU), and East Asia 53 (EA). The HTAP1 models attribute more of the observed PAN at Jungfraujoch (Switzerland) to emissions 54 in NA and EA, and less to EU, than a prior trajectory-based estimate. The trajectory-based and modeling 55 approaches agree that EU emissions play a role in the observed springtime PAN maximum at Jungfraujoch. 56
Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-90 Manuscript under review for journal Atmos. Chem. Phys. For our analysis, we construct climatological monthly mean PAN abundances by compiling multi-year 131 PAN measurements at northern mid-latitude mountain sites and use them to evaluate monthly mean 132 abundances simulated with the models that participated in the HTAP1 project. We view this analysis as a 133 first step towards determining the extent to which model differences in PAN can provide insights into 134 model representation of processes that also influence intercontinental O 3 transport. While aircraft 135 observations have advanced the understanding of the chemistry and dynamics of individual plumes (e.g., 136 Alvarado et al., 2010), their limited temporal coverage is not well suited for comparison with the HTAP1 137 monthly mean PAN mixing ratios. Similarly, the HTAP1 monthly mean mixing ratios are not well suited to 138 evaluation with tropospheric PAN column abundances retrieved from instruments aboard satellite platforms 139 (e.g., Payne et al., 2014) as these require application of retrieval-specific averaging kernels and a priori 140 profiles. These other observational platforms are likely to provide additional constraints on inter-model 141 discrepancies in coordinated multi-model efforts that archive three-dimensional fields at daily or higher 142 temporal frequency at the locations of aircraft flights and satellite overpasses. 143
144
We begin by describing the HTAP1 model simulations and mountaintop measurements (Section 2) before 145 quantifying the multi-model range of lower tropospheric PAN distributions, and evaluating this range with 146 available measurements at northern mid-latitude mountain sites (Section 3). We then focus on the 147
Jungfraujoch site in Europe to capitalize on a prior attribution of measured PAN mixing ratios to European, 148
North American, and East Asian emissions using trajectory-based methods (Pandey Deolal et al, 2013) , and 149 compare these estimates with those derived from model sensitivity simulations (Section 4). We select one 150
European and one North American mountain site to probe relationships between simulated PAN and 151 regional emissions or transport in the individual models, with the goal of identifying some of the dominant 152 processes controlling hemispheric transport of PAN to these locations (Section 5) and examine the potential 153 relevance of conclusions regarding PAN origin to O 3 (Section 6). Finally, we summarize our conclusions 154
and offer a few recommendations for future work (Section 7). 155
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Approach 156
In this section, we describe the HTAP1 model simulations (Section 2.1), the multi-year measurements of 157 PAN at five northern mid-latitude mountaintop sites, and our strategy to sample the models at these sites 158 (Section 2.2). We then describe the methodology used by Pandey Deolal et al. (2013) to derive trajectory-159 based attributions of PAN measured at Jungfraujoch to East Asian, European, and North American source 160 regions, and discuss some limitations of this approach (Section 2.3). We use these trajectory-based source 161 attributions to evaluate the responses of PAN at Jungfraujoch to regional emission perturbations in the 162 HTAP1 model simulations. 163
HTAP1 model simulations 164
We use monthly mean PAN mixing ratios simulated by fourteen global chemistry transport models for the 165 2001 meteorological year (Table 1) North America (SR6NA). These three regions, depicted as white boxes in Figure 1 , have been shown to 177 influence lower tropospheric O 3 (and PAN) at northern mid-latitudes more than the fourth HTAP1 region 178 (SR6SA; Jonson et al., 2010) . We attribute PAN, sampled at mountaintop sites (see Section 2.2), separately 179 to emissions within these three source regions by differencing the perturbation and base simulations 180 (SR6XX-SR1, where XX refers to the region in which emissions of PAN precursors were decreased by 181 20%). We refer to this difference as the source-receptor relationship for PAN. 182
183
Of the models in Table 1, eleven used prescribed meteorological fields to drive tracer transport for the year  184 2001. Two models are chemistry-transport models coupled directly to a general circulation model forced by 185 observed sea surface temperatures (STOC-HadAM3 and STOCHEM) and one model incorporates 186 chemistry directly into a general circulation model (UM-CAM). We include results from these three models 187
here as their climatological nature matches that of our evaluation, which compiles PAN measurements 188 across several years. The individual model specifications and emissions are described in detail in Fiore We use monthly mean values at each of the measurement sites in order to match the temporal resolution of 227 PAN archived from the models. We include all available data at each site to calculate monthly means, and 228 do not filter the data for upslope winds or any other criteria. When measurements are below detection limit, 229
half the detection limit is used to calculate mean values. This assumption should not affect our conclusions 230 as PAN values below detection limit are generally observed in nocturnal boundary layers were PAN is 231 depleted by deposition whereas these high elevation sites generally sample free tropospheric air at night 232 (Table 1) at the horizontal 238 grid cell containing the latitude and longitude of each mountain site. Orography at these mountain sites is 239 poorly resolved at the relatively coarse HTAP1 model horizontal resolutions, and consequently the model 240 vertical grid differs from the real world. This mismatch requires us to apply some approximations for 241 sampling in the vertical. We convert the station altitude to an approximate pressure level by assuming a 242 mean tropospheric temperature of 260 K, which gives an atmospheric scale height of 7.6 km. We then 243 sample the models by linearly interpolating between the pressures of the two model grid cells that vertically 244 bound this pressure level, using the corresponding monthly pressure fields from each model. While 245 different sampling strategies may alter the exact value of simulated PAN and its comparison to 246 observations, our primary interest is in the inter-model differences. Although the Zugspitze and 247
Hohenpeissenberg sites fall within the same horizontal grid cell due to the coarse horizontal resolution of 248 the HTAP1 models, the station altitudes differ, so we consider the two sites separately. The trajectory-based approach assumes that all PAN in an air mass that originates over a continent is 272 produced from PAN precursor emissions (NO x and VOC) over that continent and may thus overestimate the 273 influence from that particular source region if there are non-trivial enhancements to PAN in the air mass 274 produced by emissions in other regions. On the other hand, the "free troposphere" air masses must contain 275 some influence from global PAN precursor emissions, which would tend to cause the trajectory-based 276 approach to underestimate the influence from any source region. In contrast, the HTAP1 model 277 perturbation simulations directly diagnose the impact of precursor emissions within a given source region 278 to the PAN simulated at the Jungfraujoch site. We interpret the trajectory-based attributions as likely 279 offering a lower limit for the intercontinental influence from NA and EA at Jungfraujoch and an upper limit 280 for PAN originating from the EU source region. Despite the limitations outlined here, this trajectory-based 281 approach offers one of the only available independent methods for evaluating source-receptor relationships 282 diagnosed with the global HTAP1 models. Evaluating emission-response relationships is critical to build 283 confidence in using these models to project responses to future emission changes. We examine simulated PAN distributions during April and July in the northern hemisphere to illustrate 299 characteristic differences in the spring versus summer distributions as represented by the model ensemble 300 mean PAN mixing ratios at 650 hPa (~3 km), the level sampled by the three highest altitude sites in Table  301 2. Higher mixing ratios and a stronger latitudinal gradient are evident in April as compared to July ( The absolute range of the PAN source-receptor relationships in the HTAP1 models is wide for all three 414 source regions (Figure 3, left) . The inter-model spread in the fractional attribution is smaller for NA than 415 for the nearby EU region (Figure 3, right) . The models rank differently in their estimates for absolute 416 versus relative attribution of PAN to anthropogenic emissions from the three regions. For example, the 417 typically high (brown curves in Figure 3 ) and lower (green curves in Figure 3 ) models agree more closely 418 on the relative attribution despite the large discrepancies in their simulated total PAN abundances ( Figure  419 2) and in the absolute amount of PAN attributed to EU and NA sources. We conclude that constraints on 420 both absolute and relative ranges of source-receptor relationships are useful as some of the inter-model 421 range in PAN source-receptor relationships reflects differences in the mean state simulations that cancel out 422 in the fractional estimates. 
Factors contributing to the inter-model range in PAN source-receptor relationships 445
In this section, we aim to advance our understanding of the factors contributing to model differences in the 446 PAN response to continental-scale emission changes. Our approach is to (1) We now assess more directly the extent to which the inter-model range in source region influence on 560 mountaintop PAN levels ( Figure 3 ) is relevant for interpreting O 3 source-receptor relationships in the 561 HTAP1 models. We maintain our focus on April, when the signal from anthropogenic precursor emissions 562 on PAN is at its seasonal peak according to the models. production and export from the three major anthropogenic source regions at northern mid-latitudes (East 611 Asia, Europe, and North America). We identified only five multi-year datasets at mountain sites, four of 612 which are located near each other in Europe, and only one of which continues at present (Schauinsland). In 613 addition to the sites in Table 3 where PAN has been measured for at least two years, we suggest that PAN 614 measurements at other existing sites are needed to better constrain export from the North American and 615
Asian continents and subsequent trans-oceanic transport. The Tropospheric Ozone Assessment Report 616 (TOAR) database (Schultz et al., 2017) contains O 3 measurements from more than 60 stations at altitudes 617 above 2500 m, a useful starting point for identifying sites where observational constraints would best 618 discriminate across models (e.g., where the models vary most in Figure 1 
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are too close to differentiate on the map; see Table 3 ). 
